Huntington's disease (HD) can impair social cognition. This study investigated whether patients with HD exhibit neural differences to healthy controls when they are considering mental and physical states relating to the static expressions of human eyes. Thirty-two patients with HD and 28 age-matched controls were scanned with fMRI during two versions of the Reading the Mind in the Eyes Task: The standard version requiring mental state judgments, and a comparison version requiring judgments about age. HD was associated with behavioral deficits on only the mental state eyes task. Contrasting the two versions of the eyes task (mental state > age judgment) revealed hypoactivation within left middle frontal gyrus and supramarginal gyrus in HD. Subgroup analyses comparing premanifest HD patients to age-matched controls revealed reduced activity in right supramarginal gyrus and increased activity in anterior cingulate during mental state recognition in these patients, while manifest HD was associated with hypoactivity in left insula and left supramarginal gyrus. When controlling for the effects of healthy aging, manifest patients exhibited declining activation within areas including right temporal pole. Our findings provide compelling evidence for a selective impairment of internal emotional status when patients with HD appraise facial features in order to make social judgements. Differential activity in temporal and anterior cingulate cortices may suggest that poor emotion regulation and emotional egocentricity underlie impaired mental state recognition in premanifest patients, while more extensive mental state recognition impairments in manifest disease reflect dysfunction in neural substrates underlying executive functions, and the experience and interpretation of emotion.
, although later studies revealed that deficits are common with other negative emotions such as anger (Henley et al., 2008; Mason et al., 2015) . Interestingly, correlations between emotion expression and recognition have been highlighted in this patient population (Trinkler, Cleret de Langavant, & Bachoud-L evi, 2013) . In relation to the neural correlates of emotion recognition impairments, differential activation of the insula can be seen in premanifest HD during emotion recognition when these individuals are compared to healthy controls (Hennenlotter et al., 2004) . However, there is mixed evidence for facial expression recognition deficits in premanifest patients across studies (Johnson et al., 2007; Milders, Crawford, Lamb, & Simpson, 2003) . This may be because the specificity of emotion recognition deficits and related neural dysfunction is linked to disease stage (Labuschagne et al., 2013) . Therefore functional neuroimaging studies of social cognition investigating patients at different stages of HD could offer insight into biomarkers related to disease status.
Multiple factors may influence performance on emotion recognition tasks. For example, increased activity in superior and middle frontal gyri in premanifest HD during emotion recognition coupled with intact behavioral performance could reflect compensation processes (Novak et al., 2012) . Other factors that complicate interpretation include abnormal eye movements and visual processing defects (Croft, McKernan, Gray, Churchyard, & Georgiou-Karistianis, 2014 ). Inclusion of a control task may help to address the incidental effect of motor or perceptual impairments.
One study (Eddy et al., 2014) showed that in HD, everyday empathy, or tendencies to consider other people's perspectives, can be predicted by both disease burden (calculated based on age and genetic information, i.e., number of CAG repeats; Penney et al., 1997) and performance on the Reading the Mind in the Eyes Task (RMET; BaronCohen, Wheelwright, Hill, Raste, & Plumb, 2001 ). This task has most frequently been utilised as a test of affective theory of mind (BaronCohen, Jolliffe, Mortimore, & Robertson, 1997) , although it has also been described as a test of emotion recognition (Oakley, Brewer, Bird, & Catmur, 2016) . Participants are required to select complex mental states (e.g., preoccupied, doubtful) to match photographs showing the eye region of the face alone. The RMET measure has yet to be used with MRI in HD, and was included in the current study due to evidence of behavioral differences on this measure in manifest and premanifest HD (Eddy et al., 2012; Eddy and Rickards, 2015b) . Moreover, a comparison version of the RMET was recently developed, which involves matching ages to the photographs (Eddy, Cavanna & Hansen, 2017) .
Contrasting the two versions of the task may reveal brain activity more specifically linked to making judgments about mental states, helping to control for general perceptual or cognitive impairments. We scanned HD gene-carriers at a range of stages, defining manifest and premanifest subgroups to investigate whether different neuropsychological factors may impair emotion recognition at different stages in the disease course. Healthy age-matched control groups were included to compare the effects of HD versus healthy aging on the neural correlates of mental state recognition. We hypothesized that patients with Huntington's would show behavioral differences (i.e., more errors, slower reaction times) when compared to healthy controls on the mental state version of the RMET but that behavioral differences on the age judgment version of the task would be less likely, particularly in premanifest patients, given that previous studies show little evidence of general impairment on cognitive tasks including those assessing executive function (Eddy & Rickards, 2015a,b) or decision making (Adjeroud et al., 2017) in these patients. In addition, we expected the neural correlates of impairments in mental state recognition would differ in manifest and premanifest HD, possibly involving more widespread cortical hypofunction in manifest patients, or increased activity in frontal regions in premanifest patients compared to age matched controls (Novak et al, 2012) .
| M A TER I A LS A N D M ETH OD

| Participants
The protocol received National Health Service Research Ethics Committee approvals required for patient studies and all participants gave written informed consent. Thirty-two adults (18 females, 14 males) with genetically diagnosed HD (Table 1) and 28 healthy controls (15 females, 13 males) participated. There were no significant differences between patients and controls for age or education (Supporting Information, Table I ). All participants were English speakers with no history of head injury, seizure or substance abuse, recruited through the National Centre for Mental Health, Birmingham, UK. Patients were prescreened for suitability when attending clinic appointments. Controls had no psychiatric or neurological diagnoses and were not taking psychoactive medication. For patients with HD, common psychiatric symptoms including anxiety, depression, irritability, aggression, and apathy (Table 1) were assessed using the Problem Behaviours Assessment short form (Craufurd, Thompson, & Snowden, 2001 ).
We first analyzed data for the patient group as a whole to increase power when exploring the effect of the HD gene. Additional subgroup analysis explored the effects of disease stage, defining two groups of 16 patients (Table 1) . As in previous studies (Majid et al., 2011; Wolf et al., 2012) , subgroups were determined based on recommended criteria relating to Diagnostic Confidence Level (DCL; see Reilmann, Leavitt, & Ross, 2014) and Unified Huntington's Disease Rating Scale (UHDRS; Huntington Study Group, 1996) motor symptom assessment, which rates motor signs such as chorea and dysarthria, and impairments in gait, balance, and oculomotor functions. One group contained premanifest patients with DCL < 2 and UHDRS motor score 8/124; and the other group comprised manifest patients with DCL 2 and UHDRS motor score 15. Healthy control subgroups were defined to match each patient subgroup, so there were no significant differences between each patient subgroup and their matched control subgroup for age or education (Supporting Information, Table I ). Patients and controls were tested on a cognitive battery assessing skills such as working memory and set-shifting prior to scanning. There were no differences for premanifest patients and matched controls on these tests, (Supporting Information, Table I ), but manifest patients exhibited deficits on measures of phonological and semantic verbal fluency, the Trail EDDY ET AL. Making Test (Reitan and Wolfson, 1985) , the Digit Ordering TestAdapted (Werheid et al., 2002) and digit-symbol substitution (i.e.,
Wechsler Adult Intelligence Scale Coding test: Wechsler, 1997). Participants were shown task instructions and example stimuli before being made comfortable in the Philips Achieva 3.0 T scanner.
| Experimental design
Data were collected from a single scanning session using an 8 channel head coil with foam inserts to minimize head movement (these were used for all participants but were particularly helpful for manifest HD patients, who all exhibited some degree of chorea). Stimuli were pre- Data were reconstructed to an isotropic voxel size of 3 3 3 3 3mm 3 .
High-resolution T1-weighted TFE single volume anatomical images were also collected in a sagittal orientation (TR 5 8.4 s, TE 5 3.8 ms, 175 slices, 1 mm thickness, FOV 5 288 3 232 3 175 mm, reconstructed to 1 3 1 3 1 mm 3 isotropic voxels).
| Neuroimaging and statistical analysis
In-scanner movement, as calculated from preprocessing motion correction, was examined and individual blocks were excluded if absolute movement within a block was >3 mm (1 voxel). Participants were excluded entirely if they moved more than 1.5 mm on average across all four blocks. Exclusions left data from 29 patients (three manifest patients were excluded entirely plus one block from a manifest patient) and 28 controls (no exclusions). A t test on the resultant data indicated no significant group difference in mean absolute displacement. Raw structural and functional data were converted from Phillips PAR/REC format into NIfTI format. Whole-brain data processing was carried out using FEAT v6.00, part of FSL v5.0.9. Processing included slice-timing correction and MCFLIRT intervolume motion correction using rigid body transformations. Data were high-pass filtered using a to create a better fit for the overall model and reduce unexplained noise. Finally, the motion parameters generated by MCFLIRT were added to the overall GLM as separate regressors of no interest, to help reduce any residual uncorrected motion-related artifacts (Johnstone et al., 2006) . At second level, an initial 2 3 2 factorial model was implemented (factors were population group and task condition, generating data for Table 2 and Supporting Information, Table III) . A further second level 2 3 2 factorial model was implemented with the first factor being population subgroup (premanifest HD; manifest HD; each patient subgroup's matched control group) and the other factor being task condition, generating data for Table 3 . Both of these models included participants as random effects.
Group Z statistic images from these models were subsequently corrected for multiple comparisons using a two-step family-wise error (Cox, 1996) , was then used to control FWE rate. A voxel-wise threshold was initially selected (see Table key ) and, together with the voxel dimensions and kernel size estimate above, the probability of a cluster of specific size arising by chance was estimated using a Monte Carlo simulation. All data are reported here equivalent to an FWEcorrected cluster p < .05. To investigate accuracy in relation to subgroups, the generalized linear mixed-effects logistic regression model described above was rerun replacing the factor of group membership with subgroup identity for the two tasks. Post-hoc pairwise comparisons were then made between all pairs of subgroups within task and corrected for multiple comparisons using the Tukey method for comparing a family of 4 estimates. There were three significant group differences. Manifest patients made more errors than premanifest patients on the mental state version of the eyes task (z 5 2.821, p 5 .0247). In addition, manifest patients were significantly less accurate than matched controls on the mental state version (z 5 4.592, p < .0001). Premanifest patients also made significantly more errors than their matched controls only on the mental state version (z 5 3.058, p 5 .0120).
To investigate reaction times, the linear mixed effects model described above was recalculated using subgroup identity (four groups) and corrected post-hoc pairwise comparisons were made between subgroup identity pairs for the two tasks. Four comparisons showed a sig- 
| Neuroimaging data 3.2.1 | Effect of group: All patients versus all healthy controls
When contrasting the two tasks (age > mental state), differential activity was apparent in bilateral precuneus and posterior cingulate, right precentral and intracalcarine areas (Table 2) , and right anterior supramarginal gyrus (SMG). The contrast mental state > age judgment showed reduced activity in patients in left SMG and left middle frontal gyrus (MFG). In controls, left MFG showed greater activity for the mental state version versus age judgment, whereas activity in patients was similar for the two tasks (Figure 1 ). Left posterior SMG activity was slightly lower in patients than controls during age judgment, but much lower in patients than controls for the mental state version. Group comparisons for each version of the eyes task are shown in Supporting Information, Table III (and Figure 2) , but are not discussed further, as examining each condition alone is unable to isolate a single cognitive process and differences in neural activity could reflect factors unrelated to the process of interest.
| Effect of group: Subgroups of patients and agematched healthy controls
When comparing the premanifest group to age-matched controls (mental state > age), less activity was apparent in bilateral frontal pole, right SMG and left superior frontal gyrus (SFG), while greater activity was seen in these patients than controls in bilateral precuneus, right superior parietal cortex, right precentral and postcentral gyrus, left postcentral gyrus, left opercular cortex, and left anterior cingulate (Table 3) .
When comparing the manifest group to age-matched controls, less activity was apparent in left SMG and insula, with greater activity than controls in right midcingulate, precuneus, and occipital areas. and [Manifest group controls > Premanifest group controls]; see Table   3 ), premanifest patients exhibited greater activity than manifest patients in postcentral gyrus, anterior cingulate, temporal pole, and thalamus, while manifest patients showed greater activity in right MFG.
| D I SCUSSION
As hypothesized, patients with manifest or premanifest HD made significantly more errors than controls when asked to recognize mental states. This deficit is in accordance with previous studies (Eddy et al., 2012 (Eddy et al., , 2014 Eddy and Rickards, 2015a) , and was related to more severe motor symptoms, supporting previous findings (Eddy et al., 2014) . In contrast, both subgroups of patients performed similarly to controls when judging age. Therefore in HD, recognizing mental states expressed by the eyes appears more difficult than using these features to determine a physical state. Interestingly, healthy control participants made more errors when they were judging age than when they were judging mental state. Together, these findings emphasize the likelihood that HD is associated with a selective deficit in using visual information from the human face in order to determine internal emotional states. A selective deficit in using visual information from facial features to determine emotion implies that the problem does not lie at the visual processing level, as this should also impact performance on the age task. Rather, it suggests there could be difficulty in linking visual information to emotional information. This may be in accordance with the findings of previous resting state fMRI studies in HD, which have highlighted abnormalities within visual and associative networks involving structures such as the left SMG and left MFG Gargouri et al., 2016) . However, without additional investigation it is difficult to know whether RMET deficits may also reflect fundamental problems with internal emotional processes rather than compromised connectivity.
The neural effects of task version were similar to those reported in previous studies comparing age and mental state processing (Eddy, Cavanna, & Hansen, 2017; Moor et al., 2012) . Contrasting the two versions of the eyes task (age > mental state) highlighted reduced activity in precuneus and posterior cingulate in HD. These areas are implicated in networks underpinning attention shifting and autobiographical memory (Cavanna and Trimble, 2006; Leech and Sharp, 2014) . Therefore, these findings could suggest that when determining the age of faces in the photographs, participants utilize a combination of skills linked to executive function and memory related visualization. The contrast of most interest (mental state > age judgment) revealed hypoactivation in HD within left SMG and left MFG. Abnormal activity within left MFG during emotion recognition has been reported in other patient populations, including schizophrenia (Li et al., 2012) . Left dorsolateral prefrontal cortex (DLPFC) is frequently implicated in executive tasks involving working memory and attention control (Fassbender et al., 2004) , so hypoactivity in this region could be linked to reduced engagement of cognitive functions which could make a general contribution to task performance. However, studies in healthy participants more specifically suggest activity in left DLPFC could reflect emotion regulation during appraisal of emotive stimuli (Goldin, McRae, Ramel, & Gross, 2008) Activity in this area during a social cognitive task was found to be correlated with problematic social behavior in Autistic Spectrum Disorder (Kestemont et al., 2015) . Furthermore, the grey matter volume of left temporo-parietal junction in healthy participants is positively related to RMET scores (Sato et al., 2016) . Interestingly, we did not identify specific differences in amygdala activity between patients and controls during the RMET as has previously been hypothesized (Mason et al., 2015) , although other findings such as differential activity in the insula and anterior cingulate are in line with previous studies using other facial expression tasks (Dogan et al., 2014; Labuschagne et al., 2013) .
The selective deficit on the standard (emotion) version of the RMET provides further support for the likelihood that patients with HD (including premanifest patients) can exhibit a deficit in social cognition per se, rather than their impairments on tasks involving theory of mind being incidental to motor, sensory, or general cognitive impairment. It could be that some of the deficits on certain tasks involving theory of mind reported in previous studies could result from difficulties linking visual input to emotional meaning. It would therefore be useful for future studies to compare the performance of the same patient sample on a range of social cognitive tasks, including control tasks, and those with and without visual stimuli.
Premanifest patients exhibited less activity than age-matched controls in right SMG, which shows increased activity when healthy participants overcome emotional egocentricity bias: the tendency for one's own emotional state to interfere when judging the emotional state of another person (Steinbeis, Bernhardt, & Singer, 2015) . Indeed, transcranial magnetic stimulation over right SMG can increase the likelihood of emotional egocentricity bias and impair emotional perspective taking (Silani, Lamm, Ruff, & Singer, 2013) . Hypoactivation of right SMG during mental state recognition in premanifest HD could therefore indicate that reduced control over emotional egocentricity leads to deficits in mental state recognition. In addition, less activity in left superior frontal gyrus could reflect reduced executive capacity (du Boisgueheneuc et al., 2006) . Greater activity in premanifest HD than age-matched controls in areas such as right frontal pole and left anterior cingulate could reflect greater task effort or neural inefficiency, as one previous study suggested hyperactivation of left anterior cingulate and middle frontal gyri during recognition of emotional faces in premanifest HD could be compensatory (Novak et al., 2012) . While we cannot be certain of the precise role of the revealed regions of interest, it is interesting to note previous evidence of resting state abnormalities involving the left MFG and left SMG in HD. For example, Quarantelli et al. (2013) report that while activity in the precuneus is normally anticorrelated with that in the SMG in healthy participants, this effect is reduced in premanifest HD. Moreover, Wolf et al. (2014) report resting-state functional connectivity abnormalities in early HD patients involving left MFG which are linked to cognitive assessment. Other studies have highlighted abnormalities in associative and visual networks involving the left SMG (Gargouri et al., 2016) and left MFG .
When comparing manifest patients to age-matched controls (mental state > age), less activity was apparent in left SMG and left insula, with greater activity than controls in precuneus and occipital areas.
Activity in left SMG has been linked to imagining the self or another person experiencing a painful stimulus (van der Heiden, Scherpiet, Konicar, Birbaumer, & Veit, 2013) , therefore dysfunction in this region could impair the ability to transpose the self into an imagined perspective of another. Left insula lesion can result in emotional changes such as irritability and impulsivity (symptoms often seen in HD : Snowden et al., 2003) , in addition to deficits in facial emotion recognition (Borg et al., 2013) . Furthermore, the insula contributes to interoceptive awareness (Craig, 2009 ) and dysfunction in this region could influence one's own emotional experiences, helping to explain alexithymia in HD (Eddy and Rickards, 2015a) . Greater activity in precuneus and occipital areas in HD could reflect increased visual processing due to task effort, mind wandering, or poor down regulation of the default mode network.
As hypothesized, the neural correlates of impaired mental state recognition differed in premanifest and manifest HD. When using a healthy sample to control for the effects of aging on the neural correlates of mental state recognition, premanifest HD was associated with greater activity than manifest HD in anterior cingulate and right temporal pole. The temporal pole is thought to couple emotional responses to highly processed sensory stimuli (Olson, Plotzker, & Ezzyat, 2007) , whereas the anterior cingulate is suggested to contribute to emotion regulation during emotion perception (Phillips, Drevets, Rauch, & Lane, 2003) . These functions could therefore be more heavily impacted by HD than the aging process. However, anterior cingulate was also more active in premanifest HD than in age-matched controls, which could reflect increased efforts to regulate emotion, or early neuronal inefficiency. Finally, manifest patients showed greater activity in right MFG than premanifest patients, supporting the possibility that right MFG is an important area involved in later stage cognitive compensation processes in HD (Novak et al., 2012) . Future research exploring the integrity of structural and functional connections between brain areas involved in visual processing and the temporal lobe in HD, and the relationship between these data and social cognitive performance, could therefore prove informative. In addition, longitudinal studies exploring how activations are associated with changes in grey matter density over time within ACC/MFG, and perhaps with behavioral performance (e.g., on tasks likely to invoke emotion regulation versus those that do not), could offer insight into whether our findings reflect neural inefficiency or compensation responses. More specifically, a longitudinal study may reveal task related activity changes in these areas show a characteristic compensation response profile over time, for example, an inverted U-shaped relationship (Scheller, Minkova, Leitner, & Kl€ oppel, 2014) .
One strength of this study was the use of a comparison face processing task in addition to the mental state recognition condition. As performance on the age task was intact in manifest HD, deficits in social cognition later in the disease may not necessarily reflect more general cognitive or perceptual impairments. Another strength was the use of age-matched healthy controls to offer insight into the effects of HD that are unlikely to be related to healthy aging. Although we included some patients with psychiatric symptoms and/or reduced functional capacity, all participants were able to successfully complete a long test battery and fMRI, and for some tasks there were no behavioral differences between patients and controls.
Limitations include the complexity in interpreting whether findings reflect neurodegeneration or compensatory activations. In addition, some patients were taking medications which could affect task performance (Labuschagne et al., 2013) ; therefore, future studies should consider comparing samples of patients subgrouped according to medication. Because eyes task images disappeared as participants were prompted to respond, memory deficits could influence performance.
However, we removed outliers from the fMRI analysis based on slow or missing responses (Supporting Information, Table II 
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